Presented study aimed to prepare A10 aptamer-modified poly (D,L-lactic-co-glycolic acid) (PLGA) nanoparticles loaded with triplex forming oligonucleotides(TFO) for targeted prostate cancer therapy. We first synthesized a PLGA-PEG-Apt copolymer. The PLGA-PEG-Apt nanoparticles (NP-Apt) were loaded with TFO using double emulsion solvent evaporation method. Carboxy-fluorescein labeled TFO-NP-Apt, TFO-NP and TFO were prepared for cellular uptake experiments. Cell counting kit-8 (CCK-8) test was used to determine the ability of TFO-NP-Apt to inhibit LNCaP cell proliferation. RT-PCR and Western blot was conducted to analyze AR gene expressing. Then, a mouse model of prostate cancer was used to evaluate the anti-cancer effect of TFO-NP-Apt in vivo. We confirmed that the PLGA-PEG-Apt conjugation was successful. The TFO encapsulation efficiency and drug loading percentage were 46.1± 3.6% and 40.8±5.3%, respectively. TFO-NP-Apt showed a more efficient cellular uptake than TFO-NP or TFO in LNCaP cells. TFO-NP-Apt was significantly more cytotoxic than TFO-NP and TFO in the CCK-8 test (p<0.001). TFO-NP-Apt silenced the AR gene better than unconjugated Apt, naked TFO, NP or saline. TFO-NP-Apt were more effective than TFO-NP, naked TFO, NP and saline at inhibiting prostate cancer growth in vivo (p<0.05). Aptamer-modified TFO-loaded PLGA nanoparticles may prove useful in targeted therapy for advanced prostate cancer.
Prostate cancer is the second most common cancer and the sixth leading cause of cancer morbidity among males worldwide. [1] Current prostate cancer treatments are ineffective for advanced disease, which is treated by androgen ablation. Unfortunately, most patients who are treated with androgen ablation ultimately progress to lethal castration-resistant prostate cancer (CRPC). [2] Previous studies have found that androgen receptors (AR) are still expressed in CRPC and that AR signaling is involved in the progression of prostate cancer. The suppression of AR expression is thought to be a way to reduce tumor growth in AR-positive prostate cancers. [3] We developed a triplex forming oligonucleotide (TFO) that was able to bind to AR gene in a sequence-specific manner. Our previous studies found that this TFO can suppress the expression of the AR gene and inhibit prostate cancer cell growth both in vitro and in vivo. [4] However, there are some challenges in delivering TFO to the targeted cells. It is necessary to find an optimal gene delivery system. Nanoparticles have been widely used for gene delivery due to their desired characteristics. However, the main obstacles to the use of such nanoparticles are enzymatic degeneration, a short half-life, and poor cellular uptake. [5] A nanoparticle with a special structure consisting of a gene, polymer matrix, biological stability group and targeting ligand, was found to be the ideal delivery system to overcome these obstacles. Poly (D,L-lactic-co-glycolic acid) (PLGA) controlled release systems are excellent choices for the clinic due to their safety. Poly (ethylene glycol) (PEG) prolongs the life of PLGA nanoparticles in the circulation, thereby enhancing permeability and retention (EPR) effects. However, PEG has been found to inhibit cellular uptake due to the shielding of surface charges. [6] The modification of this molecule with targeting ligands that specifically bind to the cell surface could potentially improve cellular uptake.
Aptamers (Apt) are short single-stranded oligonucleotides (DNA or RNA) that have specific 3D structure and are able to bind to target molecules with high affinity and specificity.
[7] Because of their low molecular weight, lack of immunogenicity, and better availability, aptamers are widely used for targeted imaging and therapy. [8] In 2004, Farokhzad et al. were the first to conjugate aptamers to NP for the targeted delivery of drugs to cancer cells. [9] Since then, the feasibility of producing aptamer-modified NP has increased, with NPs becoming widely used for the delivery of targeted imaging and therapeutic agents. In this study, we aimed to develop TFO-encapsulated PLGA-PEG nanoparticles modified with the A10 aptamer that would target prostate specific membrane antigen (PSMA) before exploring the anti-cancer effect of the nanoparticles and the mechanism underlying this effect. With these goals in mind, we constructed a TFO delivery system using aptamer-modified PLGA-PEG nanoparticles.
Materials and methods
Poly (lactide-co-glycolide) (50/50) with terminal carboxylate groups (PLGA-COOH, inherent viscosity 0.20 dl/g in hexafluoroisopropanol, MW 20 kDa) was purchased from Chengdu Organic Chemicals Co., LTD., Chinese Academy of Science. NH2-PEG-COOH (MW 3400) was purchased from Yarebio (Shanghai, China). All of other the reagents were analytical grade and purchased from Sigma-Aldrich(St. Louis, MO, USA) unless otherwise noted. The RNA aptamer (sequence:5'-NH2-spacer-GGG/AGG/ACG/AUG/CGG/ AUC/AGC/CAU/GUU/UAC/GUC/ACU/CCU/UGU/CAA/ UCC/UCA/UCG/GCiT-30 with 2'-fluoro pyrimidines, a 5'-amino group attached by a hexaethylene glycol spacer and a 3'-inverted T cap) was synthesized by Integrated DNA technologies. The TFO-and FAM-labeled TFO (sequence: 5'-GGAGAGGAAGGAGGA-3') were synthesized by Sangon Biotech Co., LTD. (Shanghai, China). The LNCaP and PC3 prostate cancer cell lines were obtained from ATCC. The cell counting kit-8 (CCK-8) was obtained from Dojindo (Japan), while the RPMI 1640, OptiMEM, and fetal bovine serum (FBS) were obtained from Gibco BRL (Carlsbad, CA, USA). The AR antibody was obtained from Abcam.
Synthesis of PLGA-PEG-Apt. The PLGA-PEG-Apt was synthesized as previous described (Frank Gu, et al. 2008 ), In brieflyf, we synthesized PLGA-PEG-COOH. Then, we conjugated the RNA aptamer to the terminus of PLGA-PEG as follows. The PLGA-PEG-Apt was dissolved in CDCl 3 and characterized by 1 H NMR at 400 Hz (AVANCE AV 400, Bruker, Switzerland) to determine its average molecular weight ( Figure 1) .
Preparation of TFO-loaded PLGA-PEG-Apt nanoparticles. TFO-loaded PLGA-PEG-Apt nanoparticles (TFO-Apt-NPs) were prepared using the water-in-oil-in-water (w1/o/w2) double-emulsion solvent evaporation technique( Figure 2) . Briefly, the TFO (8 OD) was mixed with spermidine at room temperature for 20 min on a rotary shaker to form a complex. One hundred microliters of TE buffer (pH 8.0) containing 8 OD TFO were emulsified in 1% (W/V) PLGA-PEG-Apt ethyl acetate (1 ml) using a homogenizer (Fluko, Shanghai, China) at 10000 rpm for 1 min. The primary emulsion was added dropwise into 2 ml of 5% polyvinyl alcohol solution and homogenized for another 1 min to form the double emulsion. The double emulsion was added dropwise into 50 ml of 1% PVA solution and agitated using a magnetic stirrer for 3 h at room temperature to remove the organic solvents. The NPs were purified by ultracentrifugation (Millipore, Billerica, USA) with a molecular mass cutoff of 10 kDa. The final NPs were suspended in nuclease-free water and stored at 4°C.
Characterization of NPs. The characteristics of PLGA-PEG-Apt were determined using nuclear magnetic resonance (NMR) spectroscopy. PLGA, PLGA-PEG, and PLGA-PEGApt were solubilized in DCl 2 Real-time RT-PCR analysis. Total RNA from cells was collected 72 hours after co-culture with TFO-NP-Apt, TFO-NP, TFO, NP and saline and isolated using One-Step SYBR® GreenER™ Kit, (Thermo Fisher Scientific), and reverse transcribed according to manufacturer's instructions. Relative changes in gene expression were normalized to GAPDH RNA in the same cDNA sample.
Western blot analysis. To assess the expression of the AR gene in LNCaP cells, we transfected cells with TFO-NPApt, TFO-NP, TFO, NP and saline. The cells were harvested 72 hours post-transfection and lysed in cold RIPA buffer, and the lysate was incubated for 15 minutes at 4°C and centrifuged at 12,000 rpm for 15 minutes. The protein concentration of the supernatant was determined using the Bradford assay (Bio-Rad, Hercules, CA). An equal amount (10 mg) of protein was subjected to electrophoresis on sodium dodecyl sulfatepolyacrylamide gels and transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA). The membranes were immunostained with antibodies specific to the AR protein (BioWorld, Visalia, CA). The blots were developed with enhanced chemiluminescence reagents (Amersham Pharmacia, Buckinghamshire, UK) and visualized with the Gene-Genius Imaging System (Syngene, Frederick, MD).
Anti-cancer effect of TFO-NP-Apt in vivo. We developed prostate cancer models through the s.c. injection of LNCaP cells into the flank of BALB/c nude mice. The anti-cancer effect of the different drugs was evaluated by the degree of tumor growth. After the tumors had developed to approximately 250 mm 3 , we divided the mice into five groups (n=7) as follows: TFO-NP-Apt, TFO-NP, TFO, NP, and saline. The groups were designed to minimize body weight and tumor size differences among the subjects. Every mouse was administered 5 mg/kg of the designated drug every two days. Tumor size and body weight were then monitored for three months.
Statistical analysis. The data are presented as means ± standard deviation. Statistically significant differences were determined using two-sample t-tests and analysis of variance, with P ≤ 0.05 as the significance level.
Results

Characterization of the PLGA-PEG-Apt copolymer. To increase hydrophilicity and reduce nonspecific interactions
with the cellular membrane, we used PEG as a spacer between PLGA and the aptamer. The DCl 2 solvent peak was found at 4.65 ppm (Figure 3) . The PLGA-PEG NMR spectrum had multiple peaks corresponding to the repeat units in PEG at 3.5 ppm, confirming the conjugation of PEG to PLGA. The PLGA-PEG-Apt NMR spectrum exhibited multiple peaks Anti-proliferation assay. To evaluate the anticancer potential of TFO-NP-Apt, TFO-NP, and TFO, we performed a series of in vitro cytotoxicity assays using the CCK8 assay. LNCaP cells were treated with different concentrations of TFO-NP-Apt, TFO-NP, TFO, and saline. The results show that cell growth was inhibited in a dose-dependent manner ( Figure 6 ), with the anti-proliferative abilities ordered as follows: TFO-NP-Apt>TFO-NP>TFO.
AR mRNA and protein expression. First, we used RT-PCR to detect the mRNA expression of AR, and found that TFO- Characterization of TFO-PLGA-PEG-Apt nanoparticles. The sizes and zeta potentials of the TFO-NP-Apt nanoparticles were analyzed using the Zetasizer Nano-ZS90. As shown in NP-Apt, TFO-NP, and TFO all had the ability to decrease the expression of the AR mRNA, with the effects being ordered as follows: TFO-NP-Apt>TFO-NP>TFO>NP>saline. Further, we also examined the AR protein expression, and results showed that the protein level was also downregulated, which was consistent with the mRNA analysis. We also found that the TFO-mediated downregulation of the AR gene decreases cell viability. This finding indicates that the TFO-NP-Apt can effectively carry TFO into cells to have an inhibitory effect on the proliferation of prostate cancer cells (Figure 7) .
Anti-cancer effect of TFO-NP-Apt in vivo. The anticancer effect of TFO-NP-Apt in vivo was determined using BALB/c nude mice bearing a LNCaP cell xenograft. The mice were intravenously administered TFO-NP-Apt, TFO-NP, TFO, NP, or saline every two days (5 mg/kg). The tumor size and body weight of the mice were measured for three months. Our results showed that the intravenous administration of TFO-NP-Apt was significantly more efficacious than TFO-NP, TFO, NP, and saline at inhibiting tumor growth. The results demonstrated that A10 aptamer-modified PLGA nanoparticles ensured more TFO uptake by PSMA positive prostate cancer cells. The PLGA-PEG and saline groups exhibited no tumor regression (Figure 8 ).
Discussion
In this study, we targeted successfully prostate cancer cells with A10 aptamer-modified PLGA nanoparticles. The nanoparticles we prepared can effectively deliver TFO to prostate cancer cells, which leads to cell viability decrease and may be useful in the treatment of advanced prostate cancer. The PLGA nanoparticles we prepared effectively delivered water soluble TFO to prostate cancer cells overexpressing PSMA, resulting in tumoricidal effects as verified by cell viability assays. Our results suggest that aptamer-conjugated PLGA nanoparticles represent a novel therapy for advanced prostate cancers.
PLGA has become widely used for drug delivery because of its biodegradable and biocompatible nature. [10] Our previous work suggested that TFO could inhibit prostate cancer cell growth and that the loading of PLGA nanoparticles with TFO could increase these effects. In addition, the surface of PLGA nanoparticles can be modified with targeting moieties such as antibodies, proteins, and small molecules. [11] The present study found that the A10 aptamer-modified PLGA nanoparticles target to prostate cancer cells and are more effective at silencing the expression of the AR gene and decreasing cell viability than other treatments. We also found that the particle size, zeta potential and loading efficiency of TFO were not obviously changed, which is of great value for future clinical use. Aptamers are widely used for targeted imaging and therapy. [12, 13] The A10 aptamer was the first aptamer to be conjugated with nanoparticles for the targeting of cancer, and has been widely used for targeted chemotherapy and imaging. In this study, we conjugated the A10 aptamer to the PLGA-PEG copolymer and then to formulated nanoparticles loaded with water soluble TFO. This method improved the targeting and uptake of TFO.
AR silencing has been proven as an effective therapy for advanced prostate cancer. [14, 15] siRNA and antisense mRNA are routinely used for AR silencing. TFO binds to the AR gene in a sequence-specific manner, which prevents AR gene expression at the translation stage. Our previous study proved the anti-prostate cancer effects of TFO. In this study, we improved the TFO loading methods and targeted prostate cancer cells using aptamer-modified nanoparticles to enhance the uptake of TFO.
In conclusion, we effectively prepared TFO-loaded PLGA nanoparticles for targeted prostate cancer therapy. Our results demonstrate that the loading of PLGA nanoparticles with TFO can effectively silence AR gene expression and inhibit prostate cancer cell growth. The A10 aptamer enhanced the targeting ability of PLGA nanoparticles, which could potentially enhance the therapeutic efficacy and decrease the toxic side effects of current treatments.
